Much research has focused on the discovery and description of long-ranged forces between hydrophobic solids immersed in water. Here we show that the force between high contact-angle solids in concentrated salt solution (1 M KCl) agrees very well with van der Waals forces calculated from Lifshitz theory for separations greater than 5 nm. The hydrophobic solids are octadecyltrichlorosilane-coated glass, with an advancing contact angle of 108 . Thus, in 1 M salt solution, it is unnecessary to invoke the presence of a hydrophobic force at separations greater than 5 nm. Through measurement in salt solution, we avoid the necessity of accounting for large electrostatic forces that frequently occur in pure water and may obscure resolution of other forces. DOI: 10.1103/PhysRevLett.108.106101 PACS numbers: 68.08.De, 34.20.Gj, 82.70.Dd The ''hydrophobic effect'' is a term used to describe the high energy of hydration of apolar molecules in water that is responsible for the self-assembly of many biological molecules, surfactants and polymers in water. The high energy of hydration usually arises from the negative entropy of hydration. There remains an unsolved question: what are the interactions between larger-scale (10 nmmacroscopic) hydrophobic materials? [1] This interaction potentially influences a range of phenomenon including nanoparticle or colloidal stability, adhesion, wetting, and froth flotation.
Much research has focused on the discovery and description of long-ranged forces between hydrophobic solids immersed in water. Here we show that the force between high contact-angle solids in concentrated salt solution (1 M KCl) agrees very well with van der Waals forces calculated from Lifshitz theory for separations greater than 5 nm. The hydrophobic solids are octadecyltrichlorosilane-coated glass, with an advancing contact angle of 108 . Thus, in 1 M salt solution, it is unnecessary to invoke the presence of a hydrophobic force at separations greater than 5 nm. Through measurement in salt solution, we avoid the necessity of accounting for large electrostatic forces that frequently occur in pure water and may obscure resolution of other forces. The ''hydrophobic effect'' is a term used to describe the high energy of hydration of apolar molecules in water that is responsible for the self-assembly of many biological molecules, surfactants and polymers in water. The high energy of hydration usually arises from the negative entropy of hydration. There remains an unsolved question: what are the interactions between larger-scale (10 nmmacroscopic) hydrophobic materials? [1] This interaction potentially influences a range of phenomenon including nanoparticle or colloidal stability, adhesion, wetting, and froth flotation.
X-ray diffraction and ellipsometry for isolated macroscopic hydrophobic surfaces both show that water structure is disturbed over only a very small distance: only the width of a few water molecules at most [2] [3] [4] [5] . When water is confined in a thin film between two hydrophobic surfaces, the situation is qualitatively different because the existence of the thin water film can be thermodynamically unstable (depending on the geometry) and water may only exist in a kinetically trapped state [6] . However, simulation [7] [8] [9] [10] predicts diminished density and attractive forces that extend over only a few nanometers at most.
However, there has been a long and well-documented scientific debate showing a very wide range of results of force-separation measurements for macroscopic hydrophobic solids. Some measurements have shown attractive forces with ranges up to 100 nm or more. A more complete picture is contained in several reviews [11, 12] . The key issue is that all measurements of the force-separation relationship measure the total force, and the effect of hydrophobicity ''the hydrophobic force'' is obtained by subtraction of estimates of the other forces. It is now recognized that many earlier measurements included very strong influences from charge patches [13] [14] [15] and other electrostatic effects, or adsorbed nanobubbles [16] , that were not accounted for in the original work. There have been very few experiments where the ''real'' effects of hydrophobicity can be distinguished. Two papers stand out.
Wood and Sharma [17] measured the force in deaerated water between cm-sized mica surfaces coated in octadecyltriethoxysilane (OTE). They measured zero force at large separations, and a mechanical instability at about 17 nm separation; the mechanical instability indicated an attractive force with a gradient exceeding the stiffness of the measurement device, but the actual attractive force was not measured.
Meyer et al. [18] also measured the force between OTEcoated mica surfaces in water but without degassing the solution. Consistent with Sharma, they found that there was no force at separations greater than 15 nm. The authors report an instability at a distance of about 13 nm, but they determined the surface force in the unstable regime by an analysis of the dynamic motion of the surface attached to the measurement spring [19] assuming that the slip-length is zero. At separations less than about 15 nm, they calculate an attractive force that is much greater ($ 100 Â ) than the Lifshitz estimate of van der Waals forces. Cottin-Bizonne et al. [20] subsequently reported that the slip-length for a very similar hydrophobic solid is 15 nm per surface. Such a slip length would cause a large reduction in the estimated hydrodynamic force and a reduction in the hydrophobic force that is calculated from the data of Meyer et al.. Although Meyer et al provide one of the best current estimates for the hydrophobic force, the estimate is strongly affected by an assumed parameter.
In this Letter we describe what we believe to be the first force measurements between hydrophobic surfaces that (a) show a net attractive force in a quasistatic measurement, and (b) are uncomplicated by estimates of forces other than the ubiquitous van der Waals force. Our selected system consists of smooth borosilicate-glass solids coated in polymerized octadecyltrichlorosilane (OTS) that are immersed in degassed aqueous 1 M roasted KCl solution.
The salt screens electrostatic forces, the degassing minimizes bubble formation, and the system has weak van der Waals forces so that hydrophobic forces are more easily discerned. Together, these conditions combine to enable us to measure the hydrophobic force.
Estimation of the hydrophobic force relies on accurate estimation of the van der Waals forces. We calculated theoretical van der Waals interactions per unit area for the planar 5-layer glass-OTS-aqueous salt-OTSglass system using Lifshitz theory [21] (see Fig. 1 ). We accounted for the effect of screening by the salt by adjusting the zero frequency term, A 0 , [21] :
where À1 is the Debye length and D is the separation. Microwave and UVabsorption data for water were found in Parsegian [21] . Ultraviolet absorption parameters C UV and ! UV for BK7 borosilicate glass were approximated using ''Cauchy plots'' as outlined in Hough & White [22] Coefficients for borosilicate crown glass (BK7) [23, 24] were used with Sellmeier's equation for creating the Cauchy plots. Optical data for the exact glass we used is not available, but an idea of the effect of changes in glass composition is seen from the force for pure SiO 2 with a 2.7 nm hydrocarbon film, which is about 20%-30% smaller than for BK7 glass. Spectral data for octadecane (the alkane portion of OTS) could not be located so absorption parameters for hexadecane were used in the modeling [22] . The calculated force for a 2.7 nm layer of tetradecane and hexadecane were the same, so error in using hexadecane for octadecane should be small. In principle, the addition of salt also changes the UV contribution to the force, but KCl is not a very polarizable salt [25] . The effect of salt on the UV contribution to the van der Waals force of 1.0 M KCl was examined by measuring the refractive index as a function of wavelength in the range 400-700 nm and using a ''Cauchy plot'' to determine C UV and ! UV for the 1.0 M KCl solution. The effect on the van der Waals force was insignificant. More significant errors in the calculated van der Waals force arise from errors in the thickness of the film, and properties of the glass. Figure 1. shows that even for the extreme limits of zero alkane thickness or infinite thickness of alkane, the force increases or decreased by only a factor of 2. A more realistic error in film thickness of 0.4 nm propagates into an error in van der Waals force of about 5%. The important point is that the van der Waals forces are quite weak, independent of temperature, and fall in a relatively narrow range even when allowing substantial variation in film thickness or solid composition.
Force-distance data were obtained from measurements using an MFP-3D atomic force microscope (Asylum Research, Santa Barbara), which measures cantilever deflection (and thus force) as a function of displacement by a piezoelectric translation device at a rate of 50 kHz. Forces were measured between a 20 m glass sphere and a glass plate, each coated with a self-assembled monolayer of octadecyltrichlorosilane (OTS) in a large reservoir ($ 2 mL) of 1.0 M KCl. During measurement, the volume of the chamber decreases by about 10 À6 mL for every nm decrease in separation, but the presence of air in the chamber limits the increase in pressure. In any case, the seal on the chamber allows the exit of air when the pressure is a little over 1 atm. Force-separation plots were obtained using the analysis method outlined in Ducker et al. [26, 27] . with the following variations: (i) the translation was measured using a linear variable differential translation sensor (LVDT) and (ii) virtual deflection was removed from the raw deflection voltage-LVDT signal [28] . There was negligible effect of the virtual deflection correction because the LVDT range was so small. The stiffness of each cantilever was measured by the thermal method [29] , and ranged from 0:49-0:77 N=m.
Aqueous salt solutions were prepared by combining Milli-Q water with roasted KCl, and degassed by three freeze-pump ($ 0:1 mm Hg)-thaw cycles. Degassed solutions were used to decrease the likelihood of nanobubble nucleation at the solid-liquid interface. Glass spheres were purchased from Duke Scientific Corporation and glass plates were Fischer Finest cover slips. Well-anchored OTS monolayers were used to produce hydrophobic solids. OTS coatings were prepared by submerging O 2 -plasma (250 mTorr, 2 min, 100 W) treated glass plates or cantilevers with mounted spheres in 3-5 mM OTS in hexadecane solutions overnight ($ 15 hours). OTS-coated films were dipped in fresh chloroform to remove excess solvent and unattached OTS to produce smooth, uniform monolayers free of asperities. OTS monolayers prepared in this 
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106101-2 manner were found to have advancing angles of 108 and receding contact angles of 95 in 1.0 M KCl solution and angles of 107 and 95 in pure water. Contact mode AFM scans showed an RMS roughness of <0:5 nm for plates over 20 m 2 and <1:0 nm for spheres over 1 m 2 , while ellipsometry measured a thickness of approximately 2.7 nm, assuming a dielectric constant of 2.40 at 633 nm for the hydrocarbon layer. After exposure to 1.0 M KCl for 3 h (the maximum duration of the experiment), the advancing and receding contact angle for the 1.0 M KCl solution were 109 AE 1 and 95 AE 3 respectively, and the roughness was unchanged.
Surface force measurements show the attractive force between the hydrophobic surfaces (Fig. 2) . The measurements are noisy because thermal noise is similar in amplitude to the dc force for separations greater than about 10 nm. A 101-point average (2 ms) removes much of the noise and reveals the net attraction at separations less than about 12 nm. When the gradient of the surface force exceeds the spring constant, the sphere position is mechanically unstable. This occurs at about 6 nm in Fig. 2, and it is not possible to make equilibrium measurements at smaller separations. Figure 3 shows results in which data from several approaches are averaged into 0.5 nm bins to reduce noise. Results for two different experiments are shown. At small separations (< 6 nm) there are too few data points for averaging and the gradient is large, so individual measurements are shown. This averaged data is shown together with the calculated van der Waals force from Fig. 1 for the 2.7 nm hydrocarbon film. Extreme limits of the calculated force for zero and infinite thickness films are also shown.
The measured force agrees very well with the Lifshitz calculation for separations greater than 6 nm. From 5-6 nm the fit is worse, but also the error is greater for both the Lifshitz theory (large effect of material properties and thickness) and the measured force (few measured points). Note also that there is a significant error in comparing the zero of separation for the theory and the experiment. The theory assumes a mathematical plane between layers whereas the real materials have combined rms roughness of 1.5 nm. Perhaps the limiting difficulty in comparing the theory and experiment is the unknown effect of asperities   FIG. 2 (color online) . Measured force vs separation for OTScoated borosilicate glass interacting across aqueous 1.0 M KCl solution. The force has been normalized by 2R, which for a sphere-plate geometry is equal to the energy per unit area for flat plates (the Derjaguin approximation) [34] . Open circles show measured points at separations greater than the point of mechanical instability for the sphere (which occurs when the gradient of the attractive force equals the spring constant). The red (filled) circles represent smoothed data: the raw deflection data was smoothed using a 101-point moving average before conversion to force-distance. The smoothed curve was truncated 50 points ($ 0:50 nm) before the mechanical instability. In this data the mechanical instability occurred at about 6 nm, and in a series of repeat runs, instabilities occurred at 8.5, 10.9, 6.5, 6.7, 7.5, 6.8, 6.2, 6.2, 6.7, and 7.0 nm.
FIG. 3.
Comparison between measured forces and Lifshitz calculation for borosilicate glass coated in OTS immersed in 1 M aqueous salt at 23 C. Circles and Squares represent data from different experiments. Lifshitz calculations represent the limiting cases of infinite and zero hydrocarbon thickness as well as the measured thickness of 2.7 nm. Closed symbols represent data averaged from several force runs. The random error in the force is about AE0:06 N=m (i.e. about the point size) and in separation is AE0:1 nm. There is a systematic error of AE20% in the force arising from errors in the spring constant, the radius and the calibration of the spring deflection (''invols''). At small separations, there are fewer data points, so the data is not averaged (shown as open symbols). The measured interactions agree with the calculated van der Waals interaction at separation greater than about 6 nm.
on the surfaces, which we estimate could cause a shift between experimental and theoretical data of up to 1 nm. From Fig. 3 this has a large effect on the data in the range 5-7 nm. The combined effect of all these errors can be seen by comparing two independent experiments in Fig. 3 : the two data sets are very similar, but shifted by about 1 nm in separation. Considering these errors, the agreement between van der Waals force and measurement for salt solution in the range 5-6 nm is good, the agreement is much better than the $100Â discrepancy reported in pure water [18] . Given the good agreement, it seems unnecessary at this point to invoke the existence of an additional theoretical force to describe the results. In other words, the hydrophobic force in 1.0 M salt at separations greater than 5 nm is, at most, a correction of similar magnitude to the error in the van der Waals force, and perhaps zero.
The functional form and magnitude of the measured force suggest that the force can be explained entirely in terms of Lifshitz theory. Another approach to understanding the force between hydrophobic surfaces is to examine its dependence on temperature. The term ''hydrophobicity'' is usually associated with an increase in entropy arising from changes in water structure. The entropic contribution to the attractive force can be extracted from measurements of force as a function of temperature at fixed separation, D, and pressure, P, @ÁG @T
where ÁG is the difference between the Gibbs free energy of the film at separation, D, and infinity and ÁS is the difference in the entropy of the film at separation D and infinity.
Forces between hydrophobic solids in 1.0 M KCl as a function of temperature are shown in Fig. 4 . We cannot resolve differences in force over the range 23-60 C and therefore we conclude that the force has only small entropic contributions. Thus it is difficult to associate the measured force with changes in water structure as a film thins.
In contrast to measurements at separations greater than 5 nm, measurements of the pull-off force (force to separate surfaces from contact) do show a small temperature dependence, as shown in Table I . The force decreases with temperature, as expected for (predominantly entropic) hydrophobic effect [31, 32] , which describes molecular-scale hydration of hydrocarbons. Note that there is a very large error associated with Lifshitz theory at zero separation because (a) our implementation does not account for film roughness and (b) uncertainty in how to treat van der Waals forces at small separations [33] . JKR theory can be used to estimate the solid-liquid surface tension, which is about 20 mJm À2 . This is lower than expected for a hydrocarbonwater interface ($ 50 mJm À2 ), but not surprising for surfaces with nanometer-scale roughness.
In conclusion, the measured force between smooth hydrophobic solids ( adv ¼ 108 , rec ¼ 95 ) in degassed concentrated aqueous salt solution (1 M KCl) agrees with the van der Waals force calculated from Lifshitz theory for separations greater than 5 nm. Measurements at smaller separations were complicated by mechanical instabilities in the spring so are not discussed here. The good agreement between the measured force and the calculated van der Waals force renders it unnecessary to invoke the existence PRL 108, 106101 (2012) P H Y S I C A L R E V I E W L E T T E R S week ending 9 MARCH 2012 106101-4 of a long-range ''hydrophobic force'' that extends beyond 5 nm in concentrated salt solution. Furthermore, the lack of measurable variation in the force with temperature in the range 25-60 C is consistent with an enthalpic force, and at odds with customary descriptions of hydrophobicity that are based on changes in water structure.
Compared to measurement in pure water, measurements in salt (1 M KCl) have relevance to interactions in sea water ($ 0:5 M Cl À ) and biological conditions ($ 0:15 M Cl À ), and also screens electrostatic forces, thereby removing ambiguity in whether to attribute forces to waterstructural or electrostatic origins. The addition of salt and the removal of gas may affect water structure, so these results cannot be used to exclude the possibility that a longrange hydrophobic force does exist in pure water with an equilibrium concentration of dissolved gas. However, arguments for a long-range force in water would need to be based on differences in water structure that occur as a result of dissolved salt or gas.
